We have investigated the hydration dynamics of solvated iron (II) 
The low frequency modes of solvated ions and ion pairs in aqueous electrolyte solutions: iron(II) and iron(III) chloride . In addition, we obtain ion association constants log K FeCl 2 = À0.88(5) and log K FeCl 3 = À0.32 (16) for the association of Fe 2+ and Cl À to FeCl + and the association of FeCl 2+ and Cl À to FeCl 2 + , respectively. We performed a simultaneous fit of all the effective extinction spectra and their differences, including our previous results of solvated manganese(II) and nickel(II) chlorides and bromides. Thereby we were able to assign absorption peaks to vibrational modes of ion-water complexes. Furthermore, we were able to estimate a minimum number of affected water molecules, ranging from ca. 7 in the case of 
Introduction
Ion hydration phenomena have attracted the attention of many researchers. [1] [2] [3] [4] Whereas macroscopically ion hydration is well understood, at the molecular level it is still part of an ongoing and sometimes controversial discussion. [3] [4] [5] [6] [7] [8] Recently, the solvation dynamics of alkali and alkaline earth metals have been studied in detail. 2, 3, [6] [7] [8] [9] Most of these studies indicate prevalently self confined cations and anions in aqueous phase at low and moderate concentrations. 2, [6] [7] [8] 10 In certain cases, however, cooperative effects between the ions have been postulated. 9 The hydration properties of transition metal ions have only recently been studied. [11] [12] [13] The behaviour of ferrous (Fe 2+ ) and ferric (Fe 3+ ) iron in aqueous solution with respect to their tendency towards formation of distinct chloro-complexes are of special interest to the fields of iron metabolism and biological function, 14, 15 geochemical and hydrothermal studies, 16, 17 isotopic fractionation 18 and chemistry of natural waters. 19 In spite of a broad range of technical applications, simultaneous quantitative analysis of aqueous iron(II) and iron(III) at high concentrations still remains a challenge. Calorimetry, 20 isotachophoresis, 21 ion chromatography 19, 22 and spectrophotometry 17, [23] [24] [25] [26] [27] 17, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Similarly to the ferrous salt, the highest order chloro-species is only found at high chloride excess and/or high temperatures. So far, the equilibrium formation constant of the ferrous monochloro-complex at room temperature has been determined by spectrophotometry 28, 42 and potentiometry 43 to be 0.69 kg mol À1 , 0.43 kg mol À1 and 0.75 kg mol
À1
, respectively. The formation constant of the dichloro-complex has been determined spectrophotometrically to be 0.018 kg 2 mol
In contrast to ferrous chloride, there have been many attempts to determine equilibrium constants for the formation of ferric chloro-complexes in aqueous phase using spectrophotometry 17 . 17, 26, 33, 44 Note that cumulative formation constants have been converted to stepwise formation constants. Despite these previous efforts, several questions remain unresolved. For instance, are the aforementioned methods sensitive only to the formation of first shell complexes, or could other associates also play a role? Do the water molecules incorporated in ferrous and ferric complexes exhibit a different dynamic behaviour compared to bulk water molecules? Is water beyond the first hydration shell affected by the ions and ion associates as well?
In the present study, we investigate the hydration behavior of iron(II) and iron(III) chloride salts in aqueous phase, using THz/FIR Fourier transform spectroscopy. THz/FIR absorption spectroscopy has proven to be a powerful tool to analyse electrolyte solutions at high concentrations. Using this technique, we have determined the low frequency absorption characteristics of several alkaline, 7 alkaline earth, 8 transition metal 52 and lanthanum halides 53 as well as hydrochloric and hydrobromic acid. 54 The obtained frequency dependent absorption spectra exhibit distinguished ion specific bands, which are not present in the spectrum of bulk water. The spectra of these solutions can be well described by a linear superposition of (a) the absorption of bulk water and (b) the absorption of hydrated anions and cations. In case of manganese(II), nickel(II) and lanthanum(III) chloride and bromide, as well as hydrochloric and hydrobromic acid, we have shown that the nonlinear concentration dependence of absorption can be attributed to the formation of ion pairs. [52] [53] [54] Thorough analysis of the experimental data allowed us to extract the single ionic features as well as the ion pair absorption spectra.
Here we investigate the concentration dependent THz/FIR absorption of iron(II) and iron(III) chloride in water with respect to the formation of ion associates. Using principal component analysis (PCA) as an unbiased mathematical procedure in conjunction with a chemical equilibrium model, we are able to dissect the experimental spectra into the absorption features of the various ions and complex species. This enables us to extract information about the vibrational properties of the solvated ions and ion associates, as well as their dynamical hydration shells. This study provides a proof of principle for the applicability of THz/FIR spectroscopy as an analytical tool for the simultaneous determination of Fe(II) and Fe(III) chloride at concentrations up to the solubility limit.
Materials and methods

Materials
The sample solutions were prepared by dissolving the weighed out amounts of FeCl 2 Á4H 2 O and FeCl 3 Á6H 2 O (Sigma Aldrich, 99% purity) in HPLC grade water. In order to prevent oxidation and hydroxide formation, all solutions were acidified with HCl to an H + concentration of 1 M, corresponding to pH 0. For determination of water concentration in the samples, densities were measured at 20 1C using an Anton-Paar DMA58 density meter.
FTIR measurements
THz/FIR absorption measurements were carried out using a Bruker Vertex 80v FTIR spectrometer equipped with a liquid helium cooled silicon bolometer from Infrared Laboratories as detector (for more specific details about the experimental setup, see Schmidt et al. 7 and supporting information therein).
During the complete series of measurements, the sample compartment was constantly purged with technical grade dry nitrogen to avoid humidity effects of the air. 
where d is the sample thickness, I water (ũ) and I solution (ũ) are the transmitted intensities of the water reference and the sample, respectively, and a water (ũ) is a fit of the absorption spectrum of water. 52, 55 In this way, artefacts due to reflections at the cell windows are minimized. The contribution of HCl to the absorption was determined in an independent measurement and subtracted from all subsequent measurements, assuming a weak interaction with the coexisting ions.
For further data evaluation, we subtract the expected absorption of water in the sample to get the effective ionic absorption a It is important to mention here that any changes in solvation water absorption induced by the ions are inherent in the effective ionic extinction e eff ion . We assume that the interaction between each ion and surrounding water molecules can be understood by taking into account two contributions. 7 Since the absorption properties of water are modified in the vicinity of ions, subtraction of the bulk water absorption from the sample absorption results in a negative contribution with the line shape of the water spectrum. The hydrated ion, however, has additional low frequency modes which can be described in terms of rattling modes and/or vibrational modes of the ionwater complexes.
7,8 3 Experimental results
Sample solutions with concentrations ranging from 0.5 M to 3.5 M of FeCl 2 and FeCl 3 , respectively, were measured using FTIR spectroscopy. The absorption spectra and the effective molar extinction spectra of both salts, respectively, are presented in Fig 
Spectral dissection
In order to deconvolute the experimental spectra into distinct components, we performed a principal component analysis (PCA) on the a eff ion spectra. Using this method (which has been described in detail before 52 ), we were able to reduce both data sets of FeCl 2 and FeCl 3 to linear combinations of two components each, which include more than 96% of the information in both cases. The loading vectors and concentration dependent scores of the principal components of both salts are shown in Fig. 3 .
Although for both salts the results of the PCA are rather similar, the underlying mechanism seems to be different. Comparing different sets of association constants from literature (cf. Section 2) it becomes evident that in the case of FeCl 2 Any changes in the concentration dependent absorption spectrum are attributed to a shift in the equilibrium:
The equilibrium constants K FeCl 2 and K FeCl 3 are defined by the ratio of product and educt concentrations c x and their respective activity coefficients g x according to the following equations:
The We performed a fit of the scores of the first two principal components with K FeCl 2 and K FeCl 3 , respectively, as parameters, as has been described before. 52 Clearly the fitted lines match the scores quite well (see insets in Fig. 3 , solid lines). The resulting values for the equilibrium constants are presented in Table 2 . In addition to the equilibrium constants, we were also able to deduce the molar extinction spectra of the different solvated species. The result is displayed in Fig. 4 
Global fit
In our previous studies, we have performed a global fit of the aqueous ionic spectra of MnCl 2 , NiCl 2 , MnBr 2 and NiBr 2 and their differences, in order to pin down precise peak positions of spectral features as well as to determine the effect of the ions on the water spectrum.
52
In the global fit, the anion and cation bands are modeled by a modified damped harmonic oscillator function:
where a 0 is the amplitude, w 0 the width andũ d the center frequency of the mode. The corresponding center frequency of an unperturbed Brownian harmonic oscillator is given as
. The low and high frequency part of the spectra are modeled using the corresponding modes of the water spectrum 52 scaled by factors n LF and n HF . In addition to this, a negative contribution is present in each spectrum (cf. Section 3.2), which can be modeled by the water extinction spectrum scaled by a factor n hydration .
Here we extend the model to include the four spectra of FeCl 2 and FeCl 3 . The inclusion of these in the global fit does not affect the previously determined parameters for the manganese and nickel bromide spectra significantly. Therefore the results of the bromide spectra are omitted here, and only the results for MnCl 2 and NiCl 2 are reported for comparison. The determined fit parameters are listed in Table 3 .
We observe that several species have identical parameters, e.g. the linewidth of ionic bands, reducing the complexity of the fit. As an example for the various contributions to a fitting curve of one experimental spectrum, the spectrum of Fe 2+ + 2Cl À is displayed in Fig. 5 . While trying to fit the spectra of the ion associates, it is possible that overlapping bands of anionic and cationic species cause an ambiguity in the assignment. Sharma et al. previously have overcome this challenge by including the difference spectra of each metal chloride and bromide into the fit, thereby uncoupling the anion from cation contributions. 52 Since in the present work we lack the spectra of ferrous and ferric bromides for a direct comparison, we proceeded in an iterative approach: As a first step, ) and linewidth w 0 (cm
À1
) of the water mode (WM), the modes of the cationic complexes (CM) and the anion modes (AM), minimum number of affected water molecules n hyd , and scaling factors of the low and high frequency water modes n LF and n HF . The 2s standard error is given in brackets in units of the last digit. Arrows indicate the restriction of a parameter to the same value for several bands. Arrows with an asterisk denote parameters, that have been fixed to the indicated value prior to fitting FeCl 2 + + Cl À prior to inclusion of these spectra into the fit. After the global fit, the parameters of the chloride mode were fixed to the slightly changed new values. This was repeated iteratively until the change in the chloride fit parameters was smaller than the uncertainty. In Table 3 , the fixed parameters are marked with an asterisk (*).
Discussion
Association constants
Prior to describing and comparing different values of ionassociation constants, it is essential to emphasize that the results are method dependent. One reason for this is the different degrees of experimental sensitivity towards other ion associates besides contact ion pairs. In fact when it comes to ion association, the real number of different species is much larger than the simple one-step reaction scheme suggests. As described by Marcus and Hefter, 59 the ions undergo a series of reaction steps from (a) solvent separated ion pairs, in which both ions still have their full hydration sphere, over (b) solvent shared ion pairs, in which the hydration spheres are overlapping, to (c) contact ion pairs, in which one ion penetrates the hydration sphere of the other. The system becomes even more complex if a third ion is included. For example, an equilibrium constant found by the anion exchange method 33 The simultaneous fit of all spectra provides precise information about the spectral bands of the ions and ion-associates in aqueous phase. Each spectrum can be partitioned into a varying number of absorption bands, which we attribute to vibrations of the ion-water complexes. Out of these, one low frequency mode (denoted CM 1 in Table 3 . Bottom: Hydration water spectrum (offset vertically for better display) and cation bands. n LF , n HF , WM, CM 1 and CM 2 are defined in the caption of Table 3 .
In absence of other effects, this increase would cause a red-shift of the Y mode by ca. 4-6% or 6-9 cm À1 . In good agreement with this, we observe a red-shift of 6 cm À1 to 142 cm À1 .
Moving from Fe 2+ to Fe 3+ , the reduced mass of the monochloro complex remains the same, while the bond strength increases due to the higher charge of the metal center. Accordingly, the Y mode is blue-shifted by 12 cm À1 to 154 cm
À1
. Exchanging another water molecule (in trans-position) by Cl À , the reduced mass for the Y vibration is increased to 45.68 g mol À1 (Cl À axial) or to 48 .98 g mol À1 (Cl À equatorial). In absence of any other effect, this increase is expected to lead to a red-shift of 3-4% or 5-6 cm À1 .
In fact, we observe a much larger red-shift of 12 cm
. We attribute this to a weakening of the bond strength by the partial charge compensation of the metal center by the negatively charged ligands.
6.2.2 Other ionic bands. In all spectra we observe a second absorption feature around 170-270 cm À1 which is attributed to the cation. Possible assignments include: (a) The IR-active C mode described by Funkner et al., 8 in which the central metal ion in an octahedral complex moves together with the four equatorial ligands against the two axial ligands; (b) a mode of the chloride ligand interacting with its hydration shell similar to the free anion; (c) a mode of hydration water (found at 157 cm À1 for bulk water). associates, we will call the bands in these spectra free ion bands. The linewidth for all free ion bands has been fitted as one parameter, which agrees well with the experimental spectra. The linewidth reflects the perturbation or damping of the vibrational modes of the ion-water complexes. Hence as a result we state that all free ions are subject to the same disturbance, which means that they are all connected to the same thermal bath. 60 The linewidth of the modes attributed to the chloro . Distinct linewidths indicate that these modes are either connected to a different set of thermal bath states, or connected to the same bath, but with a different coupling parameter.
At this point, we can only speculate about the underlying molecular mechanism. We propose that the width of modes of solvated ions depends on the librational motions of the surrounding water molecules. These librations act as a random force causing line broadening. According to calculations by Vila Verde et al., water molecules between two ions (in case of a solvent-shared ion pair) or close to their point of contact (in case of a contact ion pair), are slowed down cooperatively. 61 We therefore interpret the reduced linewidth as a consequence of inhibited librational motion of water close to the ion associates.
Hydration water
The low frequency mode at 117 cm À1 (called WM in Table 3 ) is attributed to a hydration water mode. It is most likely either due to a shifted hindered translational mode of the first shell hydration water, or due to an increased line strength of a second shell mode, which is not IR active in a bulk water environment. In addition to this, there are high and low frequency components attributed to the relaxational and librational modes of hydration water, scaled by factors n LF and n HF . Finally, there is a negative contribution to the effective ionic extinction in the shape of the bulk water spectrum scaled by a factor n hyd . Since the relaxational and librational parts are compensated by n LF and n HF , the negative contribution is dominated by the shifted translational band of hydration water. The scaling factor n hyd provides an estimate of the minimum number of water molecules affected by the ions. . n hydration is in the range of 14-15. In a previous study we found that HCl affects ca. 5 water molecules and attributed this effect mainly to the anion. 54 If we transfer this result to the present study, a minimum number of 4-5 water molecules are affected by the metal ions Mn
2+
, Fe
and Ni 2+ , which is in good agreement with a value of six water molecules of an octahedral geometry. 62 For the ion-associate FeCl + + Cl À , the value obtained for the minimum number of affected water molecules is n hydration = 7.3, which is distinctly lower than for all other species. Assuming again a number of 5 water molecules affected by Cl À , the chloro-complex affects only a minimum number of 2-3 water molecules. This can only be explained if both the ferrous and chloride ions lose part of their influence on hydration water upon ion pairing.
For FeCl 2+ + 2Cl À we obtain a lower limit of n hydration = The concentrations c x can be calculated as functions of density r and initial salt concentrations c 
Summary and conclusion
We have measured the THz/FIR absorption spectra of acidified aqueous FeCl 2 and FeCl 3 solutions at concentrations of 0.5 to 3.5 M in a frequency range of 30-350 cm
À1
. We observed a nonlinear concentration dependence of the effective ionic extinction for both salts. This can be rationalized in terms of the formation of chloro-complexes of Fe(II) and Fe(III), respectively. We were able to dissect the spectra of FeCl 2 into the contributions of single ions and ion pair and the spectra of FeCl 3 into the contributions of ion pair and ion triplet using principal component analysis. In addition, we were able to determine the ion association constants for both salts.
The logarithm of the formation constant of the ion pair FeCl + determined this way is À0.89(4); the logarithm of the formation constant of the ion triplet FeCl 2 + is À0.32 (8) . . Again, the minimum number of affected water molecules is reduced upon association of another chloride ion to ca. 17 in the case of FeCl 2 + + Cl À .
Furthermore, our analysis could be used successfully for a quantitative determination of concentrations of FeCl 2 and FeCl 3 in mixed solutions of total salt concentration of 1 M with errors of less than 0.08 M. Thus we have provided a proof of principle that this technique can be used as an analytical tool for highly concentrated salt solutions.
